Abstract N-methyl D-aspartate receptors (NMDARs), a subtype of glutamate receptor, have important functional roles in cellular activity and neuronal development. They are well-studied in rodent and adult human brains, but limited information is available about their distribution in the human fetal cerebral cortex. Here we show that 3 NMDAR subunits, NR1, NR2A, and NR2B, are expressed in the human cerebral cortex during the second trimester of gestation, a period of intense neurogenesis and synaptogenesis. With increasing fetal age, expression of the NMDAR-encoding genes Grin1 (NR1) and Grin2a (NR2A) increased while Grin2b (NR2B) expression decreased. The protein levels of all 3 subunits paralleled the changes in gene expression. On cryosections, all 3 subunits were expressed in proliferative ventricular and subventricular zones, in radial glia, and in intermediate progenitor cells, consistent with their role in the proliferation of cortical progenitor cells and in the determination of their respective fates. The detection of NR1, NR2A, and NR2B in both glutamatergic and GABAergic neurons of the cortical plate suggests the involvement of NMDARs in the maturation of human cortical neurons and in early synapse formation. Our results and previous studies in rodents suggest that NMDAR expression in the developing human brain is evolutionarily conserved.
Introduction N-methyl D-aspartate receptors (NMDARs) are ligand-and voltage-gated ionotropic glutamate receptors that play critical roles in synaptic plasticity, development, learning, and memory. Impairments in their function underlie the pathophysiology of several neurological diseases, including schizophrenia, autism spectrum disorder, and epilepsy (Malenka and Nicoll 1993; Naegele 2009; Endele et al. 2010; Wang et al. 2012; SanzClemente et al. 2012 , Cohen et al. 2015 . In the developing brain, functional NMDARs are present even before synapses are established, to allow the influx of calcium (Ca 2+ ) necessary for cellular activities such as signal transduction, gene transcription, and neuronal maturation (Pearce et al. 1987; Ben-Ari et al. 1988; Brewer and Cotman 1989; reviewed in Spitzer 2006; Jansson and Åkerman 2014) . Physiologically relevant interactions between corticogenesis and NMDAR function have been demonstrated in several studies (LoTurco et al. 1991 (LoTurco et al. , 1995 Haydar et al. 2000) . The early expression of NMDARs in the ventricular and subventricular zones (VZ/SVZ) is a prerequisite for the proliferation of neural stem cells, their differentiation into neurons and glia, and their proper migration through NMDAR-mediated Ca 2+ transients (Rakic and Komuro 1995; Weissman et al. 2004; Manent et al. 2005; Toriumi et al. 2012) . NMDARs are composed of 4 subunits, 2 NR1 and 2 NR2 or NR3 subunits, with NR1 being the obligatory subunit (Cull-Candy et al. 2001) . In the developing rodent, NMDAR subunits undergo major changes in their expression levels, reflecting the specific physiological function of each receptor isoform in cell proliferation, synaptogenesis, and activity-dependent remodeling , Kleinschmidt et al. 1987 , Constantine-Paton et al. 1990 , Monyer et al. 1994 Kitayama et al. 2003; Yoshizimu and Chaki 2004; Dumas 2005; Sanz-Clemente et al. 2012) . Additional studies in rodents have shown age-related shifts in the expression levels of the NMDAR subunits, with the expression of NR2A increasing and that of NR2B decreasing with age Malinow 2002, 2005; Rodenas-Ruano et al. 2012; Sanz-Clemente et al. 2012) . This shift has functional significance with respect to development of the cortical circuitry and cortical function (Dumas 2005) .
To better understand the functional role of NMDARs in human corticogenesis, it is essential to first study their expression pattern in the developing cerebral cortex. NMDARs distribution in the human fetal cortex has been explored in much less detail than in animal models. In humans, NMDARs distribution has been examined in late gestational and neonatal ages and in the adult brain (Conti et al. 1999; Law et al. 2003; Suzuki et al. 2006; Henson et al. 2008; Jantzie et al. 2015) . The focus of the present study was the first half of gestation (10-24 gestational weeks [gw] ), as in the human fetal cortex this is a critical period for neurogenesis, migration, and the beginning of synaptogenesis (Kostovic and Rakic 1990; Zecevic 1998; Rakic 2009; Marín-Padilla 1998; Zecevic et al. 1999; Meyer et al. 2000; Bayatti et al. 2008; Clowry et al. 2010; Malik et al. 2013) . Using different methods, we demonstrated that NMDARs subunits are expressed by cortical progenitor cells and by young neurons. This cell-type specific distribution suggests roles for NMDARs in the proliferation and fate determination of cortical progenitor cells, and in maturation and synaptogenesis of young cortical neurons during human corticogenesis.
Material and Methods

Human Fetal Brain Tissue
Human brain tissue (n = 11) from fetuses aged 10-24 gw (Table 1) and free of any developmental abnormalities was obtained from the Tissue Repository of The Albert Einstein College of Medicine (Bronx, NY) and the Human Developmental Biology Resource (http://hdbr.org), Newcastle upon Tyne, England. The tissues were handled according to the requirements and regulations of Institutional Ethics Committees. The age of the tissues was determined based on crown-rump length, number of weeks after donor ovulation, and anatomical landmarks. The tissues were transported on ice in Hank's balanced salt solution (HBSS; Life Technologies, Grand Island, NY, USA) from the aforementioned brain repositories to our laboratory. Blocks of tissue cut in a coronal plane at the level of the thalamus were fixed, and cryopreserved, for in situ hybridization and immunohistochemistry. In addition small samples (1cm 2 ) of unfixed tissue were taken from the whole width of dorsal and medial telencephalic wall for Western blot and qPCR. Whenever possible we used multiple methods on the same case, but not all the fetal ages or regions were available for every method used in this study. This is specified in Table 1 and in the Results.
Immunohistochemistry
Cryopreserved coronal sections (20 μm) of the midgestational human fetal brain (Table 1) were dried at 37°C for 3 h and then incubated in citrate buffer (pH 9.0) at 80°C for 7 min for antigen retrieval, placed in a humidifying chamber, and washed with phosphate-buffered saline containing 0.01% Triton X-100 (PBS-T). Unspecific antibody binding was inhibited by incubating the sections in a blocking solution consisting of 10% normal goat serum in PBS-T (NGS-PBS-T) for 1 h at room temperature (RT). Primary antibodies (Table 2) were diluted in 1% NGS-PBS-T. The sections were treated with primary antibody diluted in blocking solution, and incubated at 4°C overnight. After three 5-min washes with PBS, the sections were incubated at RT for 2 h with flourophoreconjugated secondary antibodies diluted in PBS. After a second PBS washing step (3 × 5 min each), the sections were incubated with the nuclear stain bisbenzimide (BB) for 1 min at RT.
Immunohistochemistry Image Analysis
Immunolabeled sections were visualized using an Axioscope microscope (Zeiss, Germany) with Axiovision software and photographed using a digital camera. Twelve images were taken from predesignated adjacent optical fields in dorsal or dorsomedial portion of the telencephalic wall and from 3 different human samples per experimental group for cell counting. Optical sectioning (in steps of 1 μm thickness) was done on 20 μm cryosections to clearly observe the co-localization of the immunostaining. The images were compressed in the Z-plane to obtain maximum intensity projection images, and assembled in Adobe Photoshop (v. 7.0) , with consistent quality adjustments for contrast, brightness, and color balance. Immunolabeled cells were counted in separate channels corresponding to each antibody. Cells that showed immunoreaction for both applied antibodies were quantified as a percentage of the total cell number in the optical fields labeled with the nuclear dye BB.
One-way ANOVA followed by a Bonferroni post hoc test was used for comparisons of the 3 groups categorized by age.
Western Blot
Human cortical tissue (Table 1) , was homogenized in hypotonic phosphate buffer containing protease and phosphatase inhibitors (PMSF [1 mM], NaF [5 mM], Na-orthovanadate [1 mM], PIC [1 mM; Thermo Scientific]), freeze-thawed, and centrifuged at 600 × g. The supernatant was mixed with RIPA buffer (150 mM NaCl, 1.0% Triton X-100, 0.5% Na-deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) containing protease and phosphatase inhibitors (same as above), freeze-thawed, and centrifuged at 13 000 × g for 15 min and the resulting supernatant was collected. To obtain membrane proteins the pellet was re-suspended in RIPA buffer containing protease and phosphatase inhibitors, freeze-thawed, and then centrifuged at 10 000 × g for 15 min and the resulting supernatant was used for experimental analysis. The protein concentration of the samples was determined using the BCA protein assay kit (Thermo Fisher Scientific). Polyacrylamide gels (4-12%; Bio-Rad) were then used to separate the proteins based on their molecular mass at 110 V for 90 min. Samples were run, on 3 separate gels, to obtain results in triplicates. The separated proteins were electro-transferred onto a polyvinylidene fluoride membrane at 100 V for 60 min. A Ponceau stain on every blot, and a Coomassie stain for every gel was performed to confirm complete transfer of separated proteins. The membrane (blot) was blocked with 5% milk in TBS-T (1.0% Tween-20, PBS, 0.1% Triton X-100, distilled water; pH 7.4) and then incubated overnight at 4°C with primary antibodies ( 
RT-PCR and qPCR
Human cerebral cortex tissue (15-24 gw, Table 1), dissected as described above, was used for RNA isolation and qPCR analysis. The tissue was treated with ice-cold TRIZOL ® reagent (Invitrogen) for 10 min followed by mechanical homogenization.
After the addition of chloroform (200 μl) to the homogenates, the tubes were vortexed and incubated for 15 min at 4°C. They were then centrifuged at 13 000 × g for 15 min at 4°C. The upper transparent phase was collected in sterile tubes and incubated with isopropanol (500 μl/ tube) for 20 min at RT, followed by centrifugation at 13 000 × g for 15 min at 4°C. The pellets were incubated with 75% ethanol at 4°C and then centrifuged at 13 000 × g for 15 min to pellet the RNA. The air-dried RNA was dissolved in 5% RNase Out solution. RNA concentrations were determined using NanoDrop technology (260/280 ratio obtained was between 1.93 and 2.0). cDNAs (40 μl) were synthesized from 1-μg RNA samples using reverse transcriptase-PCR and the first-strand synthesis SuperScript III kit (Invitrogen). cDNA concentrations were determined using NanoDrop technology with 260/280 ratios between 1.79 and 1.81. We pooled aliquots of all the cDNA samples to generate a standard curve (samples run in triplicates on the same plate) with the log (DNA copy#) plotted on the y-axis and the cycle of threshold (C t ) value plotted on the x-axis, to determine the efficiency of the qPCR protocol. The slope determined from the standard curve was used to calculate the efficiency of the qPCR process. The SYBR Green (Applied Biosystems, Cheshire, UK) protocol was applied to the cDNA samples to analyze the mRNA expression levels of the genes of interest. Gene specific primers are presented in Table 3 . The qPCR protocol involved a heating step at 95°C for 2 min followed by 40 cycles at 95°C for 15 s, 55°C for 15 s, and 68°C for 20 s. The cycle of threshold (C t ) values of GAPDH were subtracted from those of the genes of interest to obtain a ΔC t value. The ΔC t values were averaged for each age group. The ΔC t values of groups 18-21 gw and 22-24 gw were then subtracted from the value of the age group 15-17 gw to obtain the ΔΔC t value. The formula 2 −ΔΔCt was used to determine the fold change in mRNA expression level in group 18-21 gw and 22-24 gw relative to the group 15-17 gw, which was assigned an arbitrary value of 1. This normalization aids in dealing with the variations between the qualities of the original tissues used to generate the cDNA samples. 
In Situ Hybridization
The genes Grin1, Grin2a, and Grin2b encode the NMDAR subunits NR1, NR2A, and NR2B, respectively. Plasmids containing the Grin1, Grin2a, and Grin2b coding sequences (pEYFP-NR1a, pEGFP-NR2A, and pEGFP-NR2B, respectively) were used for probe synthesis (Luo et al. 2002) . The plasmids pEGFP-NR1a (Addgene plasmid #17926), pEGFP-NR2A (Addgene plasmid #17924), and pEGFP-NR2B (Addgene plasmid #17925) were gifts from Stefano Vicini (Department of Pharmacology & Physiology, Georgetown University Medical Center, Washington DC). Riboprobes were generated by in vitro transcription of a PCR fragment (primer sequences in Table 4 ) containing part of the gene sequence flanked by T3/SP6 promoter sequences, using digoxigenin (DIG)-UTP (Roche) as the label. In situ hybridization was performed as previously described (Radonjić et al. 2014) . Briefly, cryosections (20 μm) were dried at RT for 2 h, fixed for 10 min with 4% paraformaldehyde in PBS, washed twice in diethyl pyrocarbonate (DEPC)-treated PBS, and incubated overnight at 68°C in hybridization buffer containing 1× DEPCtreated salts (200 mM NaCl, 5 mM EDTA, 10 mM Tris, pH 7.5, 5 mM NaH2PO4·2H2O, 5 mM Na 2 HPO 4 ; Sigma-Aldrich), 50% deionized formamide (Roche), 0.1 mg RNase-free yeast tRNA (Invitrogen, Carlsbad, CA, USA)/mL, ×1 Denhardts (RNase/ DNase free; Invitrogen), and 10% dextran sulfate (SigmaAldrich) and 100-500 ng DIG-labeled RNA probe/ml. After hybridization, the sections were washed 3 times at 65°C in a solution containing 50% formamide, ×1 saline-sodium citrate (Invitrogen), and 0.1% Tween 20 (Sigma-Aldrich) and 3 times at RT in ×1 MABT (20 mM maleic acid, 30 mM NaCl, 0.1% Tween 20; Sigma-Aldrich). They were then incubated for 1 h at RT in a solution containing 2% blocking reagent (11096176001; Roche) and 10% heat-inactivated sheep serum in MABT, followed by an overnight incubation at 4°C in alkaline-phosphataseconjugated anti-DIG antibody (1:1500; Roche Applied Science, catalogue no. 11093274910 RRID:AB_514497). The specificity of the procedure was assessed with probes corresponding to the sense strands of Grin1, Grin2a, and Grin2b. The whole section pictures (×4 magnification) were done on the Aperio Versa (LeicaBiosystems.com), following manufactures instructions.
Statistical Analysis
For all Western Blot and qPCR experiments, triplicate values were averaged to obtain a mean value for each brain. Three groups, each consisting of at least 3 brains, were established according to the gestational age: 15-17, 18-21, and 22-24 gw. The means obtained from each brain in a group were averaged to obtain a group mean. Variations were expressed as the mean ± standard error (SEM). One-way ANOVA followed by Bonferronis post hoc test was used to evaluate statistical significance, defined as a P < 0.05.
Results
NMDARs are Expressed in the Human Fetal Cerebral Cortex
The quantitative expression of the genes encoding the major NMDAR subunits, NR1, NR2A, and NR2B, was assessed by qPCR and Western blot analysis in 3 age groups-15-17, 18-21, and 22-24 gw. Our results demonstrate that the expression of Grin1, gene encoding NR1 subunit, increases with age (P < 0.05; Fig. 1A ). The same trend was observed in expression of the gene encoding the NR2A subunit, Grin2a (Fig. 1A) . In contrast, expression of the NR2B gene, Grin2b, decreased with increasing age studied here (P < 0.05; Fig. 1A ). To determine whether these changes in gene expression also occurred at the protein level, tissue lysates obtained from human fetal cerebral cortex of the same gestational ages were analyzed by Western blotting (Fig. 1B) . Expression of NR1 protein between all 3 age groups was fairly uniform (Fig. 1B,C) . We hypothesize that the discrepancy between the NR1 gene and protein expression is due to the high rate of Grin1 transcription accompanied by a high turnover rate of the NR1 transcript. At the same time, translation of the NR1 transcript is dependent on the cellular activity (reviewed in Paoletti et al. 2013 ). The expression of NR2A protein increased across the 3 age groups while that of NR2B decreased across the 3 age groups studied (Fig. 1C) (P < 0.05), congruent with qPCR results. Although the relatively short developmental time span studied here does not allow firm conclusions about the timing of the developmental switch from NR2B to NR2A in human cerebral cortex, our results suggest that it begins during midgestation (22-24 gw).
Distribution of NMDAR mRNAs and Proteins in the Human Cerebral Wall
The distribution of the NR1, NR2A, and NR2B transcripts were examined in sagittal (10gw) and coronal cryosections ( Fig. 2A,B) , while the NR1, NR2A, and NR2B proteins were examined on coronal cryosections (Fig. 3A,B ) of fetal brains taken at the level of the thalamus (16-24gw, Table 1 ). In situ hybridization experiments revealed that the mRNAs of all 3 subunits were distributed in the developing cortex as early as 10 gw ( Fig. 2A) and were also present during midgestation, at 17-22 gw (Fig. 2B ). High Fig. 2A,B ) at 10 and 22 gw indicates that the transcripts of the NMDAR subunits, exhibiting both a punctate and diffuse pattern of expression, are present in almost every cell. These findings suggest that both cortical progenitors and neurons actively transcribe the NMDAR subunit genes during neurogenesis.
Immunolabeling with NMDAR subunit-specific antibodies revealed the presence of NR1, NR2A, and NR2B in the cell bodies and processes across the telencephalic wall at all examined ages, as shown in representative samples of 17 gw (Fig. 3A) , and 22 gw (Fig. 3B) . The immunoreactivity has a transverse pattern along the VZ and SVZ suggestive of the expression of NMDAR subunits along efferent and afferent fibers/processes, as expression of NMDARs was reported at both the presynaptic and postsynaptic sites (Herkert et al. 1998 ). In the SP and CP, the immunoreactivity for the NMDAR subunits exhibits a radial pattern that corresponds to the radial glial fibers and organization of cell bodies in the CP. The highest levels of these proteins were detected in the same regions containing the highest levels of their respective transcripts, namely, in the VZ/SVZ, and CP. Proliferating cells (Ki67 + cells) in the VZ expressed the NR1 subunit ( Fig. 3C) as well as the NR2A and NR2B subunits (data not shown). Moreover, primate-specific basal radial glial cells (RGCs), recognized by their expression of the transcription factor Hopx (Li et al. 2015; Pollen et al. 2015; Thomsen et al. 2016) , also expressed NR1 (Fig. 3D) as well as NR2A and NR2B (data not shown).
NMDAR Expression by Cortical Progenitor Subtypes
The abundant expression of NR1, NR2A, and NR2B mRNA and protein in the proliferative and neuron-rich zones of the fetal brain suggested that the 3 subunits would be expressed by multipotent cortical progenitors, RGCs, intermediate progenitors, and cortical neurons. To detect expression in particular cell types at these sites, coronal cryosections of fetal forebrains at different gestational ages were evaluated using double-labeling immunohistochemistry to co-localize cell-type specific markers and each of the NMDAR subunits ( Fig. 4A ; Table 2 ). Quantification of the double-labeled cells showed that the vast majority of RGCs labeled with the Pax6 antibody expressed all 3 NMDAR subunits. The NR1 subunit was present in 90-95% of the RGCs in all age groups studied. In RGCs of the youngest age group (16-18 gw, n = 3), the expression of NR2B was higher than that of NR2A (85% vs. 75%), whereas in subsequent gestational weeks (18-21 gw, n = 3) expression of these 2 subunits was nearly equal. As development proceeded to 22-24 gw (n = 3), however, a higher percentage of RGCs expressed NR2A (88%) than NR2B (64%) (Fig. 4B) . Thus, during an 8-week period in the second trimester of gestation the expression of NR2B in RGCs decreased while that of NR2A increased. Quantification of intermediate progenitor cells labeled with Tbr2 and a subtype of interneuron progenitors labeled with Nkx2.1 that express NR1 showed a similar age-dependent increase (Fig. 4B) (Fig. 4B ).
Glutamatergic and GABAergic Neurons Express NMDARs
To determine the expression levels of the NMDAR subunits across postmitotic neurons in their final positions in the CP, immunolabeling experiments were carried out similar to those described above, but with antibodies specific to the different neuronal subtypes ( Fig. 5A ; Table 2 ). Double-labeling immunohistochemistry of tissues between 16 and 24 gw revealed that all embryonic neurons labeled with a pan-neuronal marker βIII tubulin expressed NR1, the obligatory NMDAR subunit (Fig. 5B) . developmental period studied. In the youngest group (16-18 gw, n = 3), 92% of all neurons expressed NR2B whereas only 70% expressed NR2A. In the next studied stage, 18-21 gw brains (n = 3), almost equal number of neurons expressed NR2B (85%) and NR2A (83%). In the oldest group of brains studied (22-24 gw, n = 3), the expression of NR2A (91%) was higher than that of NR2B (84%) (Fig. 5B ). These semiquantitative results on the neuronal expression of the 3 subunits were comparable to those obtained with the cortical RGC progenitors, in which an increase in the expression of NR2A versus NR2B was demonstrated. We then quantified expression of the NMDAR subunits by Tbr1 + glutamatergic neurons and GABA + interneurons. In all 3 age groups studied, nearly all Tbr1 + cells (98%) expressed the obligatory NR1 subunit, whereas with increasing age, expression of the NR2B subunit by these cells decreased (90-83%; P < 0.05) and that of the NR2A subunit increased (67-94%; P < 0.05) (Fig. 5B) . Similarly, a majority of GABAergic cortical interneurons (92%), expressed NR1 across all studied ages (16-24 gw) and with increasing age, the number of NR2B-positive GABAergic cells decreased (83-79%; P < 0.05) whereas the number of NR2A-positive cells increased (77-83%; P < 0.05) (Fig. 5B) .
These results revealed that all 3 subunits are expressed on glutamatergic and GABAergic neuronal subpopulations during the second trimester of human gestation, with a specific temporal distribution pattern determined for each one.
Discussion
This study demonstrated the expression of the major NMDAR subunits, NR1, NR2A, and NR2B, at both the mRNA and protein levels, in the human fetal cerebral cortex during the second trimester of gestation. It also showed that between 16 and 24 gw the subunits are expressed by specific cell types within the different layers of the telencephalic wall. These findings extend previous studies on human brain tissue obtained at older stages of fetal development and from the adult brain (Conti et al. 1999; Law et al. 2003; Suzuki et al. 2006; Henson et al. 2008; Jantzie et al. 2015) . The early distribution of NR1, NR2A, and NR2B in the human cerebral cortex suggests their early and distinct roles in cortical progenitor proliferation and specification, and in the maturation and synaptogenesis of excitatory and inhibitory neurons in this brain region.
NMDAR in Cortical Progenitor Cells
From 16 gw onwards, all 3 NMDAR subunits were expressed on RGCs, the multipotent cortical progenitors in the VZ/SVZ. Both proliferating (Ki67 progenitors. This suggests that glutamate is more important in the proliferation of RGCs than in their specification into a particular intermediate progenitor cell type. The different age-related patterning of expression of NR2B in RGC, intermediate and interneuron progenitors suggests a role of this subunit in the specification of cortical progenitors, while NR2A containing NMDARs might be important for further neuronal differentiation. However, we cannot exclude the possibility that technical difficulties related to simultaneous labeling of nuclear transcription factors (Tbr2, Nkx2.1), and membrane receptor proteins (such as NMDARs) affect the efficiency of the method.
The major excitatory neurotransmitter glutamate acts nonsynaptically as a trophic factor during the early stages of development (Haydar et al. 2000; Balasz 2006 ). In rodents, glutamate increases progenitor proliferation in the VZ and promotes neuronal differentiation in the SVZ by modulating the length of the cell cycle (LoTurco et al. 1991; Takahashi et al. 1996; Haydar et al. 2000) . These effects of glutamate on cortical progenitors are exerted through both AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazole propionate) receptors and NMDARs (LoTurco et al. 1995; Jansson and Åkerman 2014; Behar et al. 1999) . The early expression of NMDARs influences both the proliferation and differentiation of neural stem cells and the correct migration of newly generated neurons (Rakic and Komuro 1995; Manent et al. 2005; Toriumi et al. 2012) . Experiments in which the activity of the NMDAR subunits was pharmacologically blocked or their expression genetically knocked out confirmed the significance of these receptors in cortical development. In rodents, pharmacological inhibition of the 3 NMDAR subunits during development was shown to induce severe neurodegeneration followed by death (Ikonomidou et al. 1999; Reiprich et al. 2005) , whereas homozygous knockouts of NR1 and NR2B are neonatally lethal (Ikeda et al. 1992; Forrest et al. 1994; Sakimura et al. 1995; Kutsuwada et al. 1996) . Other studies in rodents have shown that NMDARs play a crucial role in maintaining the stemness of RGCs in the adult dentate gyrus, by regulating the proliferation of these cells; NMDARs also participate in the establishment of hippocampal circuits (Bernabeu and Sharp 2000; Deisseroth et al. 2004; Nacher and McEven 2006) . In accordance with these observations, our recent in vitro study showed that antagonizing NMDARs on human fetal RGCs not only increases cell death but decreases progenitor specification and neurogenesis (Bagasrawala et al. in revision). These results provide strong evidence of the importance of NMDARs in the survival, proliferation, and differentiation of RGCs during human cortical development.
NMDAR Expression in Cortical Neurons
All the βIII-tubulin-labeled neurons in the CP at midgestation (16-24 gw) expressed NR1, and a subpopulation of neurons expressed NR2B and NR2A. Specifically, both Tbr1 + glutamatergic and GABAergic neurons expressed all 3 NMDAR subunits during the second trimester of human gestation. NMDAR presence in neurons of the emerging CP suggests a role for this Greater immunolabeling intensity is seen for NR2A at 22 gw compared with 17gw, whereas the opposite is seen for NR2B subunit. receptor in neuronal maturation and the establishment of the early synapses that appear in the human cortex at that time/ stage (Zecevic 1998; Zecevic et al. 1999; Kostović et al. 2002) .
Our previous electrophysiological studies, in which patchclamp recordings were obtained from human fetal slice cultures, showed that glutamate acts through both AMPA receptors and NMDARs on Cajal-Retzius cells at midgestation (Lu et al. 2001) . In another study, we demonstrated the presence of functional ionotropic glutamate receptors in human fetal cortical neurons in acute brain slices (Moore et al. 2011) .
In the present work, we established that, in the oldest age group examined, the percentage of Tbr1 + neurons expressing NR2B and NR2A was slightly higher than the percentage of GABAergic cells expressing these subunits, compared with their respective percentages in the youngest age group. This finding suggests the functional differences or/and nonuniform maturation of cortical neurons at this developmental stage. The distribution of NMDARs in different subtypes of cortical neurons has clinical relevance, as the abnormal excitation of GABAergic interneurons due to NMDAR hypofunction results in cortical disinhibition and impairment of the synchronized activity of cortical projection neurons (Belforte et al. 2010; Nakazawa et al. 2012) . In animal models, this disruption in cortical circuitry function leads to the development of behavioral deficits, such as anhedonia, disruption of the prepulse acoustic startle response, and anxiety, behaviors that closely resemble those observed in schizophrenia patients (Belforte et al. 2010 ). Furthermore, midgestation, when, as we determined here, all 3 NMDARs subunits are expressed by cortical neurons, is the period of upper cortical layer development, and the formation of the cortico-cortical connections necessary for establishing the higher cognitive functions that characterize humans (Rakic 1998; Hill and Walsh 2005) . The disruption of cognitive processes is one of the major symptoms observed in complex neurodevelopmental disorders, such as schizophrenia and autism spectrum disorder (Hill and Walsh 2005; Nakazawa et al. 2012) .
NMDAR Composition
The obligatory NR1 subunit was expressed in almost all of the investigated cell types. This was not surprising since the importance of this subunit in rodents is well-established. For example, the controlled ablation of NR1 during development + glutamatergic neurons, and GABA + interneurons expressing the 3 NMDAR subunits in the 3 age groups studied (n = 3 per age group; P < 0.05). The mean values are plotted; the error bars represent ± the SEM.
was shown to disrupt the normal maturation of the cell circuitry in the hippocampus, resulting in a schizophrenia-like cognitive decline and behavioral deficits later in life (RodenasRuano et al. 2012) . Our finding of the age-dependent expression of subunits NR2A and NR2B in human fetal cortex is in line with the results of animal studies. Synaptic activity is one of the factors regulating NMDAR subunit expression (Yashiro and Philpot 2008; Lee et al. 2010; Sanz-Clemente et al. 2012 ). NR2B-rich NMDARs are found in abundance on developing synapses, where they generate slow currents with shorter amplitudes but lasting twice as long compared with NR2A-mediated currents. This allows for a large influx of Ca 2+ that promotes gene transcription and extends the period of membrane depolarization, which is crucial for generating a strong and stable synapse (Sobczyk et al. 2005; Xu et al. 2009; Yasuda et al. 2011) . At the beginning of cortical synaptogenesis, NR2B is needed for the formation of the synaptic connections essential for circuitry formation. Many of these synapses undergo pruning, a process that is dependent on environmental experiences, the nature of the stimulus, and age (Rakic et al. 1986; Dumas 2005; SanzClemente et al. 2012; reviewed in Paoletti et al. 2013 ). In the adult brain, the strong circuitry connections established by NMDARs mainly containing the NR2B subunit ensure memory formation through long-term potentiation (Sanz-Clemente et al. 2010) . Experiments using antagonists of the NR2A and NR2B subunits in monkey prefrontal cortical slices (Wang et al. 2011) showed that NR2B-type activity on postsynaptic spines participates in working memory and learning. Similar results were obtained in mice genetically modified to lack the NR2B subunit during their postnatal development (von Engelhardt et al. 2008) . As corticogenesis in rodents proceeds into the second postnatal week, the NR2B subunits translocate to extrasynaptic sites and are replaced at the synapse by NR2A-rich NMDARs (Malenka and Nicoll 1999; Lavezzari et al. 2004; Dumas 2005; Tang et al. 2010) . These synapses generate the fast currents required for strong and transient synaptic connections in response to sensory stimuli (Nakagawa et al. 1996; Paupard et al. 1997; Malenka and Nicoll 1999; Malatesta et al. 2000) . Thus, in rats reared in the dark without appropriate sensory input, the NR2B-NR2A switch in the visual cortex is impaired, but the impairment can be reversed by exposing the animals to light (Philpot et al. 2001) . During activity-dependent synaptic plasticity, NR2B-rich NMDARs move into synaptic sites from their previous extrasynaptic location via lateral diffusion (Tovar and Westbrook 2002; Groc et al. 2006) . The timing of the switch coincides with the development of associative learning abilities, indicating the significance of this process in modifying and tweaking neuronal circuits (Dumas 2005; Bellone and Nicoll 2007; Sanz-Clemente et al. 2012) . Notably, the change in NMDAR subunits is related to the shift from the greater plasticity that characterizes development to the greater stability that marks adult life Kleinschmidt et al. 1987; Constantine-Patton et al. 1990; reviewed in Dumas 2005; Hall et al. 2007; Espinosa et al. 2009 ). The NR2B to NR2A switch in NMDAR subunit expression is conserved from frogs to mammals (Dumas 2005; reviewed in Paoletti et al. 2013 ), but it has not been widely studied in the developing human cerebral cortex (Scherzer et al. 1998; Henson et al. 2008; Jantzie et al. 2015) . We observed that in the human fetal cortex from 16 to 24 gw, the percentage of NR2B-expressing RGCs decreased from 92% to 84% (P < 0.05), while expression of the NR2A subunit increased from 70% to 91% (P < 0.05). A similar change occurred in cortical neurons of the same developmental period. These results suggest that in human cortical development the switch from NR2B to NR2A begins quite early, around 22-24 gw. A larger shift can be assumed to occur postnatally, especially between the juvenile and adult stages of development, when cognitive functions mature (Dumas 2005; Sanz-Clemente et al. 2012) . A more comprehensive picture of the NR2B to NR2A switch in human fetal cortex requires the study of a broader range of brain tissues of different gestational ages as well as neonatal and adult tissue samples.
NMDARs play a major role in brain development, as evidenced by the fact that several neurodevelopmental disorders such as schizophrenia, autism, learning disabilities, epilepsy, and mental retardation, as well as autoimmune anti-NMDAR encephalitis, are thought to have a NMDAR-based pathophysiology. A number of studies have clearly shown that compromising the expression of the NMDAR subunits or manipulating their function during development can impair both the formation of neuronal circuits and their fine-tuning, which is essential in learning and working memory (Monyer et al. 1994; Dumas 2005; Groc et al. 2006; Takahashi et al. 2006; Kozela and Popik 2006; Naegele 2009; Liu et al. 2010; Arnsten et al. 2012) . Taken together, our results show that changes in NMDAR subunit expression during midgestation could affect cortical development, including the maintenance of the balance between cortical excitation and inhibition. Further studies on NMDAR subunit composition in human cortical development will contribute to a better understanding of the role of these receptors in brain development and in the pathophysiology of neuropsychiatric diseases. Such studies can be expected to provide the basis for the discovery of novel therapeutics that specifically modulate NMDAR activity.
